Manometric determinations have been made of the rate of succinate oxidation by washed Escherichia coli cells derived from a glucose-containing medium. Succinate oxidation is initially slow but after 50-60 minutes the rate increases to a steady level. The duration of the lag period is markedly increased by excessive washing of the cells. With minimally washed cells the final activity may be reduced as a result of competitive inhibition due to endogenous substrates. Conditions of suspension preparation must be carefully standardized to obtain maximum activities and reproducible effects. Results obtained indicate that the enzyme system responsible for the oxidation of succinate is formed when Escherichia coli is grown in a glucose medium and that the lag period can be more satisfactorily explained on the basis of a temporary impermeability of the cell to succinate rather than a period of enzyme adaptation.
I. INTRODUCTION
In his review on factors influencing the enzymic activities of bacteria, Gale ( 1943) points out that the formation of many bacterial dehydrogenases is inhibited when glucose is included in the growth medium. He also states that although anaerobic conditions are unfavourable for dehydrogenase production, the in:hibition observed when cells are grown in a glucose medium is due neither to anaerobiosis nor to acid production during growth. Happold and Hoyle (1936) and Evans, Handley, and Rappold (1942) have shown with the tryptophane oxidizing system of Escherichia coli that no indole is produced in glucose-containing media. Washed suspensions of these glucose-grown cells show no initial ability to produce indole from tryptophane but do so after a definite lag period. Dawson and Rappold (1942) have shown that the lag period is associated with the breakdown of stored carbohydrate. Gale has suggested in his review that enzyme variations observed with glucose-grown cultures may be due to alterations in the permeability of the cell membrane under the influence of polysaccharide deposition.
The purpose of the present investigation has been to study the effect of glucose in the growth medium on the formation of the succinic acid oxidizing system of Escherichia coli.
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II. MATERIALS AND METHODS
A laboratory strain of Escherichia coli type I was used. Stock cultures were maintained on yeast extract agar prepared by solidifying yeast extract broth ("Difco" peptone 1.0 per cent., "Difco" yeast extract 0.5 per cent., and sodium chloride 0.5 per cent.) with "Davis" agar 1 per cent. In all experiments the organisms were propagated by inoculating 100 mI. of yeast extract broth contained in 250-mI. conical flasks and incubating at 37°C. for 18 hours as standing cultures. Harvesting and washing of cells, using MIl5 phosphate buffer (pH 7.5), was carried out at 5°C. at 3000 r.p.m. (4100g).
The oxidation of succinate was followed in Warburg manometers, the contents of the cups being as follows: M/15 phosphate buffer (pH 7.5) 1.5 m!.; cell suspension 1.0 ml.; M/50 sodium succinate 0.3 ml. (6fLM); distilled water to 3.0 mI. Potassium hydroxide (10 per cent.) was used in the centre well in all experiments.
Nitrogen determinations were carried out on all cell suspensions by digesting in a mixture of sulphuric acid, copper sulphate, and selenium oxide, followed by nesslerization.
III. EXPERIMENTAL (a) Comparison of Cells Grown in the Presence and Absence of Glucose
An initial experiment was carried out to compare the rate of succinate oxidation by cells grown in yeast extract broth to that of cells grown in yeast extract broth containing 1 per cent. glucose. The cultures were grown in 250-m1. conical flasks, each containing 100 m1. medium, and were harvested and washed as described above. The results are shown in Figure 1 . \Vhereas the rate of oxygen uptake for the non-glucose-grown cells proceeds in a linear fashion from zero time to completion, the rate for the glucose-grown cells is initially very slow but after about 50-60 minutes there is a marked increase, after which oxidation proceeds steadily until all the succinate has been oxidized. The total amount cf oxygen utilized in the oxidation of 6",M of succinate is about 330 ",I., i.e. approximately 2.5 moles of oxygen per mole of succinate. Hence it appears that there is an oxidative assimilation of some of the succinate as 3.5 moles of oxygen are required for the complete oxidation of one mole of succinate to carbon dioxide and water.
(b) Effect of Washing the Cells
The curve for succinate oxidation shown in Figure 1 for glucose-grown cells was found to be difficult to reproduce and the following experiment demonstrates that the technique used for washing these cells greatly affects their rate of oxidation of succinate .. An 800-mI. glucose broth culture was prepared and divided into 200-mI. aliquots. The deposit obtained after centrifuging the first aliquot (A) was washed once with 20 mI. of buffer, the second ( B) was washed three times with 20 mI. each time (total 60 mI.), the third ( C) five times (100 ml.), and the fourth (D) seven times (140 mI.). After washing, each batch of cells was suspended in 5 ml. of buffer. These operations were carried out as quantitatively as possible and the final cell suspensions contained 1.3 ± 0.1 mg. cell N/ml. Each suspension was tested for its ability to oxidize succinate and the results are given in Figure 2 . As the amount of washing is increased, the length of the lag period is increased and the final activity becomes progressively less. Addition of boiled suspension A to suspension D did not show any significant increase in final activity or decrease in the lag time. Shown also in Figure 2 are results obtained by using nonglucose-grown cells which had been washed with 20 ml. and 140 ml. of buffer. Washing has no effect on the succinate oxidizing system of these cells. ( c) Effect of Endogenous Respiration It would be expected from the results shown in Figure 2 that the best final activity would be obtained if the cells were given minimum washing. However, if glucose-grown cells from 200 ml. of culture are washed with only 10 ml. of huffer it is found that; after correction for endogenous metabolism (which is naturally high) the activity is less than anticipated. The only difference between this experiment and that yielding curve A in Figure 2 is that there is present a higher concentration of endogenous substrates. The decreased activity associated with a high rate of endogenous respiration is well illustrated if the effect of varying the concentration of minimally washed glucosegrown cells in the presence of a constant amount of succinate (6,uM) is determined. Reference to Figure 3 will show that a linear relationship holds for a limited range of cell concentrations only. At high concentrations the relative, and finally the total, activity decreases. The activities of the suspensions in this experiment are corrected for endogenous respiration and represent the maximum rate of oxidation after the lag period. For non-glucose-grown cells a linear relationship holds for suspension concentrations of 0-2.0 mg. N/ml. These results indicate that when a high rate of endogenous respiration is associated with the cell suspension there is a competitive inhibition of succinate oxidation by the endogenous substrates. That the rate of oxidation by heavier suspensions of minimally washed cells is due to such a competitive inhibition was confirmed by increasing the concentration of succinate. The results are given in Figure 4 and show that a fivefold increase in succinate concentration largely overcomes this inhibition. In the light of this information it is clear that, in order to measure the activity of a suspension when the usual concentration (6/LM) per cup) of succinate is used, the cell concentration must be that which gives an activity that· falls on the linear portion of the curve in Figure 3 . It will be appreciated, of course, that· the linear portion of the curve may be extended by a limited increase in the amount of washing. A procedure for suspension preparation which satisfies the above conditions and has been found to give uniform results is as follows: The centrifuged deposit from the broth culture is suspended in M/15 phosphate buffer (pH 7.5) to give an optical density of 0.969 in the Evelyn colorimeter using a 660 filter (about 0.4 mg. cell N/ml.). Ten ml. of this suspension are centrifuged and suspended in 3.5 ml. of buffer (final cell N = 1.0 mg./ml.).
(d) Observations on the Lag Period
There are two possible explanations for the lag period. The first assumes a temporary inability of the cells to oxidize succinate and the second suggests that it is a period of enzyme adaptation. If the first explanation is correct, and the temporary inability to oxidize succinate is due to the presence of a meta-bolizable polysaccharide then incubation of the cells for a period before the succinate is added would remove the lag period. Should the second explanation hold, then such pre-incubation would not remove the lag period. The experiment was carried out in the following manner. Five manometer flasks were set up in the usual way, four with succinate in the side-arms and a control. After equilibration the substrates were tipped in at zero time, 15, 40, and 70 minutes. Reference to Figure 5 will show that the lag periods, as determined from the time of substrate addition, become progressively less as the preincubation time is increased. However, even after 70 minutes pre-incubation a small (5-10 minutes) lag period remained. It was also found that the lag period could be markedly reduced by bubbling oxygen through the suspension for half an hour at 37°C. before testing. In order to obtain perfectly uniform results it was essential to allot standard times for all operations from the moment the cells were removed from the refrigerated centrifuge until the substrate was added after equilibration.
IV. DISCUSSION
A reinvestigation of the formation of the succinic acid oxidizing system of Escherichia coli when grown in the presence of glucose has shown that the system is formed and that the oxidation of succinate proceeds rapidly after a preliminary lag period. With cells thoroughly washed in the usual way the lag period is so markedly prolonged and the final activity decreased that the presence of the system could quite easily be missed if the normal experimental time limits are used. The factor or factors affecting the activity which are removed by washing are apparently heat-labile as the addition of a boiled minimally washed suspension to a thoroughly washed suspension does not enhance the activity of the latter. Results presented in this paper indicate that the lag period observed is not due to enzyme adaptation (cf. Stanier 1947) for two reasons. Firstly, most of the lag period can be removed by pre-incubation of the suspension in the absence of the substrate, or by aeration, and secondly, well-washed suspensions show a much increased lag period. Generally, the results indicate that the cell is temporarily unable to oxidize succinate and this may be due, as suggested by Evans, Handley, and Happold (1942) for "tryptophanase," to the production during growth of a metabolizable polysaccharide which renders the cell temporarily impermeable to the substrate. Ajl (1950) , in applying the technique of simultaneous adaptation to the breakdown of glucose and acetate by Escherichia coli, found that glucosegrown cells showed no lag period in their oxidation of succinic acid using cells which "were often aerated for 2-3 hours in phosphate buffer to reduce endogenous metabolism." It is possible that there would have been a lag period had the cells been treated as described in this paper. Therefore in simultaneous adaptation experiments the nature of the curves obtained and the conclusions drawn from them may become a function of the technique of suspension preparation. Campbell and Stokes (1951) have shown that by using washed cells a lag period was obtained with several substrates tested, including succinate, but that no lag period was found if the cells were dried before testing. They concluded that the lag periods observed may be due more to permeability effects than to enzyme adaptation.
